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Abstract 
This manuscript presents a method by which capacitance-voltage measurements can be used in conjunction with Kelvin-probe 
measurements to calculate the location of charge within a dielectric layer. A first order kinetic model for the transport of charge 
into SiO2 films after exposure to corona charge deposition is proposed. The rate limiting step for charge migration into oxide 
films has been observed to be the injection of charge from the surface (air-SiO2 interface). The charge lies preferentially at the 
air-SiO2 and SiO2-Si interfaces, and its injection into SiO2 has been characterized as having an activation energy of ~ 50 meV. In 
this work, corona charge deposition has produced SRV < 2.7 cm/s and J01 < 12 fA/cm2 which is within the requirements of high 
efficiency silicon solar cells. These results contribute to the understanding of corona charge interaction with SiO2 with a view to 
its potential application as an extrinsic method of passivation for highly efficient silicon solar cells. 
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1. Introduction 
Corona discharge is a technique routinely used to deposit positive or negative charge on the surface of materials. 
When used on dielectric coatings on top of silicon, it provides the ability to control the semiconductor surface 
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concentration of carriers and thus provide surface passivation by means of field effect [1]. Corona discharges have 
been largely used in research to characterize the electrical properties of silicon-dielectric interfaces [2]. Despite the 
fact that extremely effective passivation is possible (SRV< 2 cm/s) [3,4], the exploitation of corona charge for 
passivation of practical solar cells has been hindered by the lack of stability of the deposited charge [5,6]. Only 
recently, new reports on the stabilization of corona induced charge have suggested its eventual application at an 
industrial level [7,8]. For this to happen, a better understanding of the high temperature kinetic behavior of charge in 
dielectric films is required. Alongside this, a model to determine the position of charge within a dielectric layer is 
presented. This is vital in characterizing migration and stability of charge within dielectrics. 
2. Experimental methods 
Float-zone (FZ), 1 ȍcm, n-type silicon wafers were dry oxidized at 1050 ÛC to create a 100 nm SiO2 coating. 
Wafers were then diced into either 1 x 1 cm2 or 3 x 3 cm2 specimens and subjected to a dehydration and 
Hexamethyldisilazane (HMDS) coating treatment at 130 ÛC. This treatment is designed to reduce both the 
concentration of water within the films, and to prevent water from being absorbed by the films [9]. This is necessary 
since charge leakage is known to occur due to the presence of water molecules and hydroxyl groups within or at the 
surface of the film [10,11]. Corona charge was deposited using a single point electrode held at 15 kV, 17 cm above 
the specimen. Kelvin-Probe (KP) backing potential [12] measurements were taken to measure surface charge of the 
specimens. Mercury probe (Hg-p) capacitance-voltage (CV) flat-band voltage measurements were conducted using 
a Boonton 7200 CV meter at 1 MHz using a set-up as illustrated in Fig. 1. Photoconductance decay lifetime 
measurements were taken using a Sinton Lifetime WCT-120 [13]. 
 
Nomenclature 
ߝ଴ permitivity of free space (8.85 x1014) [F/cm] 
ߝ௜ permittivity of insulator [F/m] 
ܧ௔ activation energy [eV] 
݊ concentration of ions [cm-2] 
݊௔௢ concentration of ions at air-oxide interface [cm-2] 
݊௢௦ concentration of ions at oxide-Si interface [cm-2] 
݇ Boltzmann constant (8.617 x 10-5) [eV/K] 
ܭ௜ relative permittivity of insulator 
ݍ elementary charge (1.6 x 10-19) [C] 
ܳ஼௏ charge per unit area at the dielectric-Si interface as measured by CV [q/cm2] 
ܳ௄௉ charge per unit area at the dielectric-air interface as measured by KP [q/cm2]  
ܳ௜௧ interface trapped charge at the silicon surface [q/cm2] 
ߩ௜ volumetric charge distribution [q/cm3] 
ݐ௜ insulator thickness [nm] 
ܶ temperature [K] 
ݐ time [s] 
Ȱ୫ metal work function [eV] 
Ȱ୫ୱ metal to semiconductor work function difference [eV] 
Ȱ௦ semiconductor work function [eV] 
Ȱୱ୫ semiconductor to metal work function difference [eV] 
߶௦௖௥ semiconductor surface potential due to the space charge region [V] 
௕ܸ௄௉ Kelvin probe backing potential [V] 
௙ܸ௕ flat-band voltage from CV measurements [V] 
௚ܸ  potential at the gate [V] 
߰௜ potential difference produced by charge in insulator [V] 
ݔ௖ distance of charge centroid from insulator-Si interface [cm] 
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Fig. 1. Schematic of mercury probe capacitance-voltage set up. 
3. Location of charge 
In this section we draw the theoretical approach to estimate the concentration and centroid of charge within a 
dielectric from KP and CV measurements is outlined. KP backing potential and Hg-p CV flat-band measurements 
were made on the n-type Si samples previously described thus reproducing a metal-insulator-semiconductor (MIS) 
structure. Schematics of these two systems, band diagrams and example plots of charge, electric field and potential 
are shown in Fig. 2. It is important to note that the convention for the x axis follows the electrode that is used as the 
reference potential in each measurement; this is different in each case. 
 
 
Fig. 2. Schematics of equipment set up, and example band diagrams, charge, electric field and potential traces for (a) CV and (b) KP 
measurements. 
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For CV measurements, it is well known that the gate voltage, with reference to the semiconductor, is given by 
[14]: 
௚ܸ ൌ
ః೘ೞ
௤
െ ߰௜ ൅ ߶௦௖௥ െ
ொೄ೔
ఌ೔Ȁ௧೔
  (1) 
Where Ȱ୫ୱ is the metal to semiconductor work-function difference, ߶௦௖௥  the potential difference between the 
bulk and the surface of the semiconductor due to the space charge region, ܳௌ௜ is the silicon charge producing a 
potential drop across the insulator (ܥ௜ ൌ ɂ୧Ȁ୧) [15], and ߰௜  is the potential drop due to charge in the insulator, 
including both its interface to the metal and to the semiconductor. ߰௜ thus includes the potential drop due to the 
semiconductor interface trapped charge ܳ௜௧: ߰௜௧ ൌ ܳ௜௧ݐ௜Ȁߝ௜. This interface trapped charge develops due to ionized 
acceptor and donor states at the insulator-semiconductor interface and is dependent on the semiconductor surface 
potential ߶௦௖௥ . This leads to the well-known expression for flat-band voltage (߶௦௖௥ ൌ Ͳ , ܳ௦௜ ൌ Ͳ ) in CV 
measurements [16]: 
௙ܸ௕ ൌ
ః೘ೞ
௤
െ ߰௜ ൌ
ః೘ೞ
௤
െ ொ೔೟ሺథೞ೎ೝୀ଴ሻ௧೔
ఌ೔
െ ଵ
ఌ೔
׬ ݔߩ௜ሺݔሻ݀ݔ
௧೔
଴  (2) 
Where ߰௜ has been split into potential arising from interface trapped charge, and that arising from a volumetric 
charge distribution ߩ௜ሺݔሻ inside the insulator [17,18]. The insulator charge is often represented as a single sheet of 
charge concentration ܳ௜ , given in units of C/cm2, with centroid ݔ௖  from the insulator-silicon interface. The 
volumetric charge ߩ can thus be expressed as a delta Dirac function centered at ݐ௜ െ ݔ௖: ߩሺݔሻ ൌ ܳ௜ߜሺݔ െ ሾݐ௜ െ ݔ௖ሿሻ. 
In which case, the potential difference due to insulator charge is ܳ௜ሺݐ௜ െ ݔ௖ሻȀߝ௜ and the flat-band voltage becomes:  
௙ܸ௕ ൌ
ః೘ೞ
௤
െ ொ೔೟ሺథೞ೎ೝୀ଴ሻ௧೔
ఌ೔
െ ொ೔ሺ௧೔ି௫೎ሻ
ఌ೔
 (3) 
When the flat-band voltage is found in CV measurements, the inferred charge is commonly calculated as: 
ܳ஼௏ ൌ
ఌ೔
௧೔ି௫೎
ቀః೘ೞ಴ೇ
௤
െ ௙ܸ௕ െ
ொ೔೟ሺథೞ೎ೝୀ଴ሻ௧೔
ఌ೔
ቁ (4) 
Where the subscript ‘CV’ has been added to ߔ௠௦  to indicate the work function difference for the CV 
measurement. This indicates that CV ௙ܸ௕ measurements are more sensitive to charge closer to the insulator-silicon 
interface than to the metal-insulator interface ( ௙ܸ௕  larger when charge resides at the insulator-silicon interface,  
ݔ௖ ൌ Ͳ). 
Following a similar argument we can calculate the backing potential measured by the Kelvin Probe. Backing 
potential ௕ܸ௄௉ is defined as the external potential that must be established to equalize the potential of the gate and 
the semiconductor. This is equivalent to the term contact potential difference ( ஼ܸ௉஽) widely used in the context of 
surface photo-voltage measurements [19,20]. The LHS of equation (1) refers to the potential difference between the 
gate and the semiconductor. If the reference potential in the case of a KP measurement is given by the probe, Fig 
1.b, the KP backing potential that the semiconductor takes to equalize the gate potential (െ ௚ܸ ൌ ௕ܸ௄௉) is: 
௕ܸ௄௉ ൌ െቀ
ః೘ೞ
௤
െ߰௜ ൅ ߶௦௖௥ቁ ൌ 
ఃೞ೘
௤
൅ ߰௜ െ ߶௦௖௥  (5) 
Where the change in sign indicates that ௕ܸ௄௉ is compensating the sample surface potential to ensure the overall 
potential difference is zero, and the last term in the RHS of equation (1) has been omitted since it refers to the 
potential induced on the metal gate by the silicon space charge region. ߔ௦௠ represents the semiconductor to metal 
work function difference, and ߰௜  includes the air gap [3]: 
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ଵ
௄೔ఌబ
׬ ݔߩ௜ሺݔሻ݀ݔ
௧೔
଴ െ
ଵ
ఌబ
׬ ቆ௧೔
௄೔
൅ ሺݔ െ ݐ௜ሻቇ ߩ௔௜௥ሺݔሻ݀ݔ
௧೔ା௧ೌ೔ೝ
௧೔
  (6) 
Where ܭ௜ is the relative permittivity of the insulator and ߩ௔௜௥ the volumetric charge concentration in the air, yet a 
sufficiently well isolated KP instrument will produce measurements were no charge concentration exists in the air, 
thus the insulator potential reduces to: 
߰௜ ൌ െ
ଵ
௄೔ఌబ
׬ ݔߩ௜ሺݔሻ݀ݔ
௧೔
଴   (7) 
Once again it can be assumed that all charge resides in a plane of concentration ܳ௜ at a distance ݔ௖ from the 
insulator-silicon interface. Therefore ߩ௜ ൌ ܳ௜ߜሺݔ െ ݔ௖ሻ . Substituting this charge profile into equation (7), the 
backing potential, and thus the measured charge, are given by: 
௕ܸ௄௉ ൌ
ఃೞ೘಼ು
௤
െ ொ೔௫೎
ఌ೔
െ ߶௦௖௥  (8) 
ܳ௄௉ ൌ
ఌ೔
௫೎
ቀఃೞ೘಼ು
௤
െ ௕ܸ௄௉ െ ߶௦௖௥ቁ (9) 
Where the subscript ‘KP’ has been added to ߔ௦௠  to indicate the work function difference for the KP 
measurement. This calculation shows that KP measurements are more sensitive to charge at the air-insulator 
interface than the insulator-silicon interface. ௕ܸ௄௉ is larger when ݔ௖ ൌ ݐ௜. 
 
The concentration of charge calculated from CV and KP measurements can therefore be simplified to: 
ܳ௄௉ ൌ
ఌ೔
௫೎
ቀఃೞ೘಼ು
௤
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ఌ೔
ቁ (10) 
These two expressions can be jointly used to estimate the centroid of the charge (ݔ௖) using combined CV and KP 
on the same specimen. Assuming the techniques do not inject or remove charge from the insulator-silicon structure, 
the total charge measured by both techniques is equal; ܳ௄௉ ൌ ܳ஼௏.  ݔ௖ is then calculated from equation (10) as: 
ݔ௖ ൌ 
௧೔ቀ
೻ೞ೘಼ು
೜ ି௏್ିథೞ೎ೝቁ
ቀ
೻ೞ೘಼ು
೜ ି௏್ିథೞ೎ೝቁା൬
೻೘ೞ಴ೇ
೜ ି௏೑್ି
ೂ೔೟ሺഝೞ೎ೝసబሻ೟೔
ഄ೔
൰
 (11) 
Calculating ߶௦௖௥ and ܳ௜௧ has been a well-known difficulty when using CV and KP measurements. Girisch [21] 
and Aberle [22] have suggested algorithms to find the concentration of interface trapped charge and surface band 
bending using an iterative algorithm. Fortunately, theoretical solutions for ߶௦௖௥  have been deduced –e.g. in 
references [23] and [24]. These can be used to demonstrate that a charge concentration in the space charge region in 
excess of 1013 q/cm2 is necessary to produce a semiconductor surface potential ȁ߶௦௖௥ȁ ൐ ͲǤʹͷ V (1 ȳcm n-type 
silicon), using Boltzmann statistics. The accuracy of the KP instrument used here is ~ 0.4 V, thus ߶௦௖௥  can be 
neglected from the calculation in equation (9). Similarly, CV measurements can be used to verify that the mid-gap 
state density at the oxide-silicon interface is kept below 1012 eV-1cm-2, as for example reported in reference [25]. It is 
the states between the fermi level and intrinsic fermi level that have the greatest probability of being in the charged 
state and contributing to ܳ݅ݐ. For the work presented ܧܨ െ ܧ݅ ൌ ͲǤ͵Ͷܸ݁. Therefore, the number of states likely to 
contribute to ܳ݅ݐ if in the charged state is 3.4 x 10
11 cm-2. Assuming that only ~ 1011 cm-2 of these near mid-gap 
states are charged, the potential contribution of the ionized interface states is ~ 0.5 V. To a good approximation the 
centroid of charge is found as: 
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ݔ௖ ൌ 
௧೔ቀ
೻ೞ೘಼ು
೜ ି௏್ቁ
ቀ
೻ೞ೘಼ು
೜ ି௏್ቁାቀ
೻೘ೞ಴ೇ
೜ ି௏೑್ቁ
 (12) 
Similar expressions have been previously used to calculate charge in electrets for example in references [26] and 
[27]. 
4. Results and discussion 
4.1. KP and CV measurements of corona charge in a SiO2-Si system 
Four oxidized 1 x 1 cm2 specimens were dehydrated, HMDS treated and deposited with corona charge. KP 
measurements were made on all four samples to calculate surface charge. Fig. 3 illustrates the surface charge 
calculated from KP measurements across specimens when annealed and/or CV measured. As-deposited corona 
charge was observed to reside at the air-SiO2 interface as illustrated from the KP maps in Fig. 3.a. and b. For corona 
charge deposited at room temperature Vfb is negligible ~ 0 V, i.e. no charge has migrated into the SiO2. CV 
measurements were found to interfere with the corona charge and therefore were only performed on two of the 
samples, Fig. 3.b,d.  The mercury dot used in CV measurements was observed to affect any charge present at the 
dielectric surface and thus KP measurements must be made either before CV measurements or at different locations 
on the dielectric surface. If processing is to continue after the CV measurement, all future measurements must also 
be made in a different location. These measurements have shown that high temperature annealing, after corona 
charging, affects the location of charge within the SiO2-Si structure. However, from the present work it is not 
possible to infer whether the charge that moves into the dielectric is due to the deposited corona ions themselves or 
due to other impurity species which may be present at the dielectric surface. 
Migration of charge was conducted at 300 ÛC for 6 seconds. This lowered the VbKP form ~ 11.5 V to ~ -4 V (QAir-
SiO2 ~ 1011 q/cm2). The Vfb is seen to increase from ~ 0 V to ~ -9 V (QAir-SiO2 ~ 1012 q/cm2). This reduction in KP and 
increase in CV charge measurements indicates that the charge migrates from the air-SiO2 interface to the SiO2-Si 
interface during the anneal. From Fig. 3.d. it is also clear that the CV measurement itself affects the surface potential 
of the sample, even when the charge does not reside on the surface. During a CV measurement, the mercury contact 
on the surface of the SiO2 is biased thus allowing charge to be transferred between the mercury and the SiO2 surface. 
This charge compensates the charge present at the SiO2 surface and is visible when conducting KP measurements. 
Again, this demonstrates the importance of characterizing the specimens using KP before carrying out Hg-p CV 
measurements. 
 
 
Fig. 3. Magnitude and lateral location of charge in the SiO2-Si system after corona charge deposition and before and after a 300 ȗC anneal, (a-d) 
Are Kelvin Probe maps taken after different processing and measurement steps. The circular features visible in b) and d) correspond to the 
position where the Hg contact was made. 
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4.2. Location of  charge after high temperature anneal 
In order to confirm the location of the charge after annealing, a back etch experiment was conducted. A new, 
dehydrated and HMDS treated specimen was deposited with corona charge and annealed for 20 seconds at 300 ȗC. 
To profile the concentration of charge inside the dielectric, the SiO2 was removed incrementally in a dilute HF 
solution. Fig 4 shows the flat-band voltage and equivalent charge concentration (assuming the charge resides at the 
SiO2-Si interface) with respect to the oxide thickness. The oxide thickness was measured using an optical 
reflectometer. It was found that, during the 20 second anneal, charge migrated directly from the air-SiO2 interface to 
the SiO2-Si interface. This is demonstrated by the linear dependence of ௙ܸ௕ with ݐ௜, shown in Fig 4. According to 
equation (3), this linear dependence would only occur if the charge within the dielectric remained constant, i.e. none 
was removed by etching the top surface. This is corroborated by the constant concentration of charge measured as a 
function of oxide thickness.  
 
Fig 4. Charge profile using a back etch Hg-p CV flat-band voltage technique, showing charge concentration at the SiO2-Si interface (top) and flat-
band voltage (bottom) with oxide thickness. 
4.3. Effective lifetime 
Charge migration was also conducted on 3 x 3 cm2 lifetime specimens with the same, corona provided, field 
effect passivation at both front and back oxidized surfaces. Fig. 5.a. illustrates the increase in lifetime as corona 
charge is applied while Fig. 5.b. illustrates the loss of charge as the specimen is annealed at 300 ȗC. The maximum 
lifetime achieved at ȟn=1015 cm-3 was 2.3 ms. This lifetime occurs at a surface charge concentration of ~5x1012 
q/cm2 (Vkp= -26.10 V). For 200 ߤm thick wafers, this is equivalent to a SRV < 2.7 cm/s and J01 < 12 fA/cm2 which is 
within the range required for high efficiency (>20%) silicon solar cells. However, the kinetic behavior of charge in 
the 3 x 3 cm2 samples differed greatly from that observed in 1 x 1 cm2 samples. The KP readings indicate that for 
the larger samples the charge at the surface reduces more slowly during the anneals than for smaller samples. This 
suggests that a size effect, most likely related to the edges of the specimen, modifies the transport of charge. One 
possibility is that, for the smaller specimens, the surface charge migrates relatively quickly to the edges of the 
specimen where it is neutralized. In addition, by comparison between samples with equal values of Vkp, thus ܳ௜, it is 
possible to infer from the lifetime measurements that the charge that migrates to the SiO2-Si interface generates 
interface states so producing a  significant reduction in effective lifetime. 
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Fig. 5. Effective lifetime as function of (a) SiO2 surface charge, (b) surface charge after annealing for times shown at 300 ÛC. 
5. First order kinetic model of charge migration 
In order to produce a first order kinetic model, short anneals (2-5 seconds) were conducted on a corona deposited 
sample and KP and CV data collected after each anneal. It was previously shown that CV measurements neutralize 
the surface corona charge thus each CV measurement was taken in a different location. KP measurements were all 
performed in a location where no previous CV measurements had been taken. The results are shown in Fig. 6. 
Charge location was calculated using the theory developed in Section 3, resulting in equation (12) and is presented 
in Table 1. 
Corona charge transport into SiO2 films was modelled using first order kinetics with a temperature dependent 
Arrhenius reaction rate:  
ௗ௡ሺ௧ሻ
ௗ௧
൅ ݊ሺݐሻ ݁ݔ݌ ቀെ ாೌ
௞்
ቁ ൌ Ͳ (13) 
where ݊ሺݐሻ is the corona charge concentration with injection energy ܧ௔ at time ݐ, at the air-SiO2 interface, and 
ܶሺݐሻ is the temperature as a function of time. The solution to this equation is: 
݊ሺݐሻ ൌ ݊ሺͲሻ ݁ݔ݌ ቂെ׬ ݁ݔ݌ ቀെ ாೌ
௞்ሺ௧ᇲሻ
ቁ ݀ݐԢ௧଴ ቃ  (14) 
For a constant temperature, the concentration of ions at the air-SiO2 and SiO2-Si interfaces, respectively, are:  
݊௔௢ሺݐሻ ൌ ݊଴ ݁ݔ݌ ቂെ݁ݔ݌ ቀെ
ாೌಲೀ
௞்
ቁ ݐቃ               and              ݊௢௦ሺݐሻ ൌ ݊௙ ቀͳ െ ݁ݔ݌ ቂെ݁ݔ݌ ቀെ
ாೌೀೄ
௞்
ቁ ݐቃቁ   (15) 
where ଴ is the initial corona charge concentration, and ݊௙  the final steady-state concentration at the SiO2-Si 
interface. Migration of charge was conducted in 1 x 1 cm2 specimens for subsequent time intervals at 300 ȗC to 
determine the concentration of corona charge at both interfaces as a function of anneal time, Fig. 6. The kinetics 
model in equation (15) was then fitted to this data, Fig. 6, and the parameters calculated as shown in Table 2. 
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Fig. 6. Interface charge concentration as calculated from ௞ܸ௣ and ௙ܸ௕  measurements. Solid lines represent the first order kinetic model of charge 
migration as calculated from equation (15). 
Table 1. Calculation of charge location using equation (12) 
Anneal time (s) KP (V) CV (V) ݔ௖(nm from SiO2-Si interface) 
0 -34.2 0 99.5 
2 -10.4 -9.1 51.0 
5 -9.8 -9.5 48.3 
10 -4.0 -11.5 21.5 
15 -3.7 -12.6 18.8 
20 -1.5 -15.5 4.6 
Table 2. Activation energies and interface concentrations for corona charge in a SiO2-Si system. 
 
 
 
 
This model indicates that injection of charge into the oxide film occurs more slowly than re-trapping at the SiO2-
Si interface. During the annealing process almost 70% of the charge (݊଴ െ ݊௙ ൎ 5 x1012 q/cm2) is lost. This could be 
due to direct charge exchange or compensation at the SiO2-Si interface, lateral surface leakage or evaporation off the 
surface. Only 2.55x1012 q/cm2 was observed to have migrated to the SiO2-Si interface, and remained charged after 
the anneal.  
6. Conclusions 
In this work, a model to estimate the centroid of charge within a dielectric using KP surface potential and CV 
flat-band voltage measurement is presented. A first order kinetic model is developed to describe the kinetic behavior 
of migration of charge in SiO2 films after deposition of corona charge. The charge is seen to lie preferentially at the 
SiO2-Si interface, suggesting that the transport mechanism is injection and/or trapping limited rather than diffusion 
limited. Size effects are also evident with the charge from the surface of 1 x 1 cm2 samples seen to reduce during 
anneals at a much greater rate than that of 3 x 3 cm2 samples. Lastly, very effective passivation is achieved by 
corona deposition on the dielectric surface and J01 ~ 12 fA/cm2 is shown to be possible.  
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